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Abstract 
Internal charging is a major cause of environmentally-induced malfunctions on satellites: the risk arises 
wherever light-to-moderately shielded dielectrics, or isolated metallic items, collect charge deposited by 
penetrating electrons so creating high potential differences between elements of the spacecraft. 
Observations from the US CRRES satellite in 1991/2 showed that electrostatic discharges are probable 
if the internal charging current, when averaged over ten hours, exceeds 0.1pAcm-2 and engineering 
practice today still relies heavily on this simple result. On CRRES internal charging currents had to be 
estimated from on-board electron flux measurements followed by radiation transport calculations. This 
thesis describes the first direct in-orbit measurements of internal charging currents: to do this a shielded 
current sensor (SURF) was invented and deployed into both geostationary transfer and medium Earth 
orbit. Currents were measured under shielding levels representative of those used to protect dielectrics 
in many real spacecraft. Being of the order of fAcm-2, measuring such currents presented practical 
challenges but these were overcome and SURF has now worked successfully for over a decade in 
medium Earth orbit.  Data from the sensor can be used ‘in reverse’ to determine external electron fluxes 
via unfolding techniques. In this role SURF has some advantages over conventional electron counting 
instruments: first, when very intense fluxes occur there are no dead time effects so the readings can still 
be relied upon and second, SURF is largely immune from proton contamination in mixed environments, 
something which tends to plague traditional detectors. A disadvantage, however, is that the threshold of 
sensitivity for SURF is higher than for a traditional counting instrument. Overall it is concluded that 
shielded current sensors are a valuable new aid to quantifying the risk from internal charging and at the 
same time they are able to provide fresh insights into the external environment.  
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1 Introduction 
1.1 Overview 
This thesis describes the in-situ measurement of the electrical currents deposited by charged 
particles which penetrate through the shielding of an orbiting spacecraft, a process known as 
internal charging which represents a serious space weather hazard. The thesis is founded upon 
the set of published works listed in Table 1: the papers trace the work in chronological order 
from the invention of a shielded current sensor, known as SURF, through to the acquisition and 
analysis of data from two orbital flights and finally its exploitation to improve modelling of the 
internal charging threat. 
Publication My role Context 
[1] Ryden, K. A., H. Jolly, A. Frydland and P. Morris (1999), A 
compact electrostatic charging monitor for spacecraft, 
Proceedings of 5th European Conference on Radiation and Its 
Effects on Components and Systems, RADECS 99, 
Fontevraud,120-125, doi: 10.1109/RADECS.1999.858559. 
Inventor of 
instrument, 
principal 
investigator and 
main author 
First publication of 
the concept of the 
SURF instrument and 
initial demonstration 
in laboratory. 
[2] Ryden, K. A. et al (2001), Profiles of inner- and outer-belt 
internal Charging currents against geomagnetic parameter ‘L’: 
Results from the First SURF Experiment,”, Proceedings of 7th 
Spacecraft Charging Technology Conference, ESA-ESTEC, 
Noordwijk. 
Principal 
investigator and 
main author 
First SURF in–orbit 
flight (geostationary 
transfer orbit) and 
initial data. Proof of 
successful operation.  
[3] Ryden, K. A. , P. A. Morris, D. J. Rodgers, A. D. Frydland, H. S. 
Jolly and C. S. Dyer (2001), Direct Measurement of Internal 
Charging Currents in Geostationary Transfer Orbit, IEEE, 
Published in Proceedings of 6th RADECS 2001, Grenoble, 
France, 11 September 2001. 
doi:10.1109/RADECS.2001.1159257. 
Principal 
investigator and 
main author 
Interpretation of first 
flight results and of 
proton contribution to 
currents.. 
[4] Ryden, K. A., P. A. Morris, K. A. Ford, B. Taylor, C. I. Underwood, 
S. Jason, D. Rodgers, G. Mandorlo, G. Gatti, H. D. Evans, E. J. Daly 
(2008), Observations of internal charging currents in medium 
Earth orbit, IEEE Transactions on Plasma Science, Vol. 36, No.5, 
doi: 10.1109/RADECS.2007.5205514. 
Principal 
investigator and 
main author 
Analysis of first year 
of SURF data from 
Giove-A (medium 
Earth orbit). 
[5] Ryden, K. A., P. A. Morris, A. D. P. Hands et al (2008), Radiation 
monitoring in medium Earth orbit over the solar minimum 
period, Proceedings of RADECS 2008, 10-12th September 
2008, Jyvaskyla, Finland. 
Principal 
investigator and 
main author 
Analysis of three 
years of SURF data in 
the context of space 
weather conditions. 
[6] Ryden, K. A., A. D. P. Hands, C.I. Underwood, D.J. Rodgers 
(2015), Internal charging measurements in medium Earth 
orbit using the SURF sensor: 2005–2014, IEEE Transactions on 
Plasma Science,  doi:  10.1109/TPS.2015.241643. 
Principal 
investigator and 
main author 
Presents and 
discusses almost a 
whole solar cycle of 
data from SURF in 
MEO.  
[7] Ryden, K. A., and A. D. P. Hands (2017), Modelling of electric 
fields inside spacecraft dielectrics using in-orbit charging data, 
IEEE Transactions on Plasma Science, 
doi:10.1109/TPS.2017.2665622. 
Principal 
investigator and 
main author 
Use of SURF MEO data 
to create a new model 
of the electric field 
inside dielectrics. 
Table 1 List of published works in date order which form the basis of the thesis. These are 
provided in Annex A. 
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1.2 Novelty of the work 
Prior to the CRRES mission of 1991 [Frederickson et al, 1991] evidence for the internal charging 
hazard on spacecraft could only be obtained by correlating operational anomalies with external 
particle fluxes: the intermediate physical processes were concealed and could only be inferred 
from theory and ground experiment. CRRES provided the first in-orbit observation of one key 
intermediate process i.e. the discharge of dielectrics. This thesis describes the first in-orbit 
observations of another part of the process i.e. the internal charging currents which lead to such 
discharges.  To do this a new instrument, a shielded current sensor, was invented and deployed 
into both a geostationary transfer orbit and a medium Earth orbit. 
It should be made clear that the measurement of currents arising from space plasmas have been 
a feature of science investigations since the dawn of the space era. In such cases a Faraday cup is 
employed e.g. [Ogilvie et al, 1995]. Due to the relatively low energy of plasma particles (<10s 
keV), Faraday cups have open ‘windows’ to allow particles to enter easily and the current 
densities  are usually in the order of nAcm-2 given the (usually) copious quantities of particles. In 
the new instrument reported here (SURF), the open window is fully replaced by shielding, 
typically equivalent to >0.5mm Al, to closely represent that provided by the outer structural 
elements of many spacecraft. Only more energetic radiation particles (>100s keV) will reach the 
detector and currents will be extremely low (~fAcm-2 to pAcm-2). Such low currents present a 
number of challenges to the instrument design which are described in later chapters. There is no 
record of a fully shielded current sensor being deployed in space prior to this work: the resulting 
measurements provide new insights into the charging process and the external particle 
environment. 
1.3 Structure of the thesis 
The structure of the thesis is as follows: 
 Chapter 2 provides a history and literature review of internal charging.
 Chapter 3 provides a summary of each of the published works submitted and places
them in context.
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 Chapter 4 summarises for completeness several additional publications which use
SURF data. In these publications the author of this thesis was a co-author rather than
lead author.
 Chapter 5 describes how shielded current sensors like SURF have been adopted more
widely in recent years.
 Chapter 6 provides the conclusions and recommendations for future research.
 Annex A provides copies of the published works as listed in Table 1.
It should be noted that the submitted papers are cited as [1],[2] etc, as per Table 1, while other 
references are cited as [author, year]: these latter references are located at the end of the thesis. 
Additional references will be found within the submitted papers. 
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2 Spacecraft internal charging 
2.1 Satellite anomalies and the role of internal charging 
Even before the space age had dawned it was appreciated that electrostatic charging of sounding 
rockets could influence results from on-board particle energy spectrometers launched into the 
ionosphere [Johnson and Meadows, 1955]. The first paper to specifically address charging of 
orbital spacecraft appeared in 1961 [Chopra]: this and other works e.g. [DeForest, 1971] soon 
established that spacecraft located within planetary magnetospheres, where fluxes of trapped 
charged particles are high, notably those of Earth, Jupiter and Saturn, could be subject to 
potentially significant charging. Spacecraft charging mechanisms fall into two categories: 
a) Surface charging due to relatively low energy (up to 10s keV) but usually relatively high
flux plasma: this leads to charging of the whole satellite chassis (frame) relative to space
potential and to the charging of insulating materials on the surface relative to the chassis
and each other.
b) Internal charging due to high energy, low flux radiation particles interacting with
dielectrics and conductors located within the satellite interior (i.e. under some
shielding).
In both cases the greatest concern is the risk of an electrostatic discharge (ESD). If the whole 
spacecraft were completely conducting, and thus at one potential, there would be no risk of an 
ESD: such an absolute potential might still interfere with measurements from particle energy 
spectrometers by retarding incoming particles but this is only a problem for a few scientific 
missions. Much more dangerous are differential potentials between dielectrics and/or between 
various electrically isolated elements of a vehicle: this is differential charging and leads to a risk 
of on-board ESD events. Unfortunately highly insulating dielectrics are ubiquitous in spacecraft 
and include cable and connector insulation, thermal blankets and coatings, printed circuit 
boards, cover glasses, lenses, radiation shields, second surface mirrors (radiators) and solar cell 
coverings. The use of such materials means that isolated conductors can also exist which may 
charge independently from the chassis. 
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Evidence of the reality of spacecraft surface charging was provided by ATS-5 [DeForest, 1972] 
and during the 1970s more and more satellites, especially those in geostationary orbit, reported 
anomalies which seemed to correlate with geomagnetic storm activity. The signature expected 
of surface charging anomalies was a clustering of events in the midnight-to-dawn local time 
sector of geostationary orbit (due to injection of hot plasma from the geotail into this region) 
coupled with a strong correlation with increases of Kp (indicating storm activity) and many 
anomalies fitted this pattern well [DeForest, 1972], [Wrenn and Smith, 1996]. The first major 
operational failure to be attributed to surface charging was in 1973 when the US Air Force 
Defence Space Communications Satellite (DSCS-II) suddenly ceased to operate during a 
geomagnetic storm [Inouye, 1977]. The resulting shock to the still-young space industry 
spawned a major USAF/NASA research effort to better understand charging phenomena and 
ultimately led to the launch in 1979 of a dedicated satellite, SCATHA, to carry out in-orbit 
spacecraft charging research [Fennell, 1985].  
At the same time some major geostationary satellite operators such as Intelsat found that the 
anomalies they experienced did not match the patterns expected for surface charging 
[Meulenberg, 1976]. The UK Skynet 2B satellite provided a particularly detailed example of this 
rather puzzling situation [Robbins and Short, 1977] where anomalies were distributed over all 
local times and there was only a weak correlation with Kp, if any. Hence a search began for any 
additional mechanisms which might be at play. Meulenberg [1976] had postulated that a certain 
combination of low energy (<50keV) and high energy (>few 100keV) electrons could explain 
such anomalies, in particular he proposed that the energetic electrons could lead to layers of 
buried (or bulk) charge trapped deep within insulating materials.  Soon afterwards Wennas 
[1977] outlined in some detail the theory and principles of such a ‘deep charging’ mechanism 
(without reference to Meulenberg) which involved only high energy electrons despite their much 
lower flux compared to low energy electrons. This process became known as internal (or bulk) 
charging and the consequent ESD events were known as deep dielectric discharges (DDD) (see 
section 2.2). Wennas went on to demonstrate experimentally that discharges could occur if 
cables and printed circuit boards were irradiated with high energy electrons [Wennas et al, 
1979], although the high fluxes he chose for these experiments (>100pA cm-2) were too high to 
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be conclusive since in-orbit fluxes are two orders of magnitude lower.  Actually NASA had carried 
out similar tests a decade earlier on selected spacecraft dielectrics [Storti et al, 1965] and found 
that ESDs could readily be produced even at much more realistic space-like fluxes: it can be 
argued that Storti was the first to discover the potential threat of internal charging, even though 
he did not outline a theory or link it to any spacecraft anomalies. 
From the late 1970s the mechanism of internal charging as a possible cause of in-flight anomalies 
became more widely, though not universally, accepted. Some anomalies on Meteosat [Frezet et 
al 1988] and DSCS vehicles [Leach and Alexander, 1995] were attributed to the mechanism. 
Further in-flight evidence to support internal charging as a potential hazard came from the 
CRRES mission [Frederickson, 1991] (see section 2.2), where a specially designed experiment 
recorded discharges in several dielectrics. However because the dielectrics were only very lightly 
shielded (0.2mm Al) there was still some doubt whether the effects would actually occur in a 
commercial geostationary spacecraft where shielding levels are more likely to be a minimum of 
0.5mm Al and often closer to 2mm Al. The CRRES mission did show that electrostatic discharges 
are probable if the internal charging current (averaged over several hours) exceeds 0.1pAcm-2
and engineering practice today still relies heavily on this very simple finding [NASA, 2011] [ECSS 
2008].  
Despite the evidence from CRRES and elsewhere, surface charging continued to be seen as a 
much greater threat because a) it had already been associated with high profile failures and b) 
the total charge and energy associated with a deep dielectric discharge seemed likely to be too 
small to be a major threat. By the early 1980s, satellite manufacturers started to include specific 
surface charging mitigation measures in their designs: a set of guidelines was issued by NASA 
[Purves et al, 1984] and these were widely adopted, especially recommendations that exterior 
surfaces should be made conductive and grounded to chassis potential. These measures, along 
with the development of the NASCAP simulation code [Katz, 1977], seemed to bring charging 
problems under much better control. 
A surprise was in store though on 20 January 1994, when, within a period of a few hours, three 
geostationary satellites of similar design (ANIK E1, E2 and Intelsat K) all failed suddenly. While 
Intelsat K was brought back to normal operation later the same day, one of the two ANIKs could 
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not be recovered for some months and both had their lives significantly shortened due to loss of 
propellant during the incident. An environmental cause seemed all but certain for such a cluster 
of failures, but the environment was not conducive to surface charging and neither were any 
solar particle events in progress.  The energetic electron environment had, however, been 
substantially enhanced for several days beforehand (see Figure 1) and so internal charging 
seemed the most plausible cause [Aviation Week, 1994]. It was suggested that ESDs within the 
electronics module that controlled the momentum wheels had led to loss of control, but 
unfortunately no detailed analysis was put into the open literature at the time or since. A recent 
review of the ANIK E1, 2 experiences has been carried out by Lam et al [2012]. 
Figure 1 Conclusive evidence of internal charging as a cause of in-flight anomalies was provided by 
the ‘DRA-delta’ anomalies on a geostationary: the anomaly occurrence times are well correlated 
with >2MeV daily average electron fluence  [Wrenn, 1995]. The occurrence of the ANIK E1,2 and 
Intelsat K failures are also shown and DRAδ anomalies were occurring at much the same time. 
The ANIK E1,2/Intelsat-K failures claimed the attention of the space industry but it was still a 
limited data set and the exact mechanisms remained difficult to discern. Further strong evidence 
linking anomalies to enhancements of the energetic electron environment was provided by the 
large ‘DRA-δ’ anomaly data set from a European geostationary satellite [Wrenn, 1995]. Figure 1 
provides a plot of DRA-δ anomaly times and dates for 1994 (just part of the data set) against the 
daily average >2MeV electron flux in geostationary orbit: the correlation is very convincing over 
the whole year. There is also a clear periodicity in the enhancements (and thus anomalies) - this 
is due to the fact that the enhancements of energetic electrons are caused by fast solar wind 
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streams flowing from mid-latitude coronal holes. Coronal holes are very persistent features on 
the Sun and thus can revolve several times to geo-effective locations before they eventually 
recede – the period between belt enhancements is thus often the solar rotation period of 27 days, 
although multiple coronal holes can exist from time-to-time which complicates the picture. It 
should be noted that major electron enhancements can also occur following the arrival of coronal 
mass ejections when similar magnetospheric acceleration processes occur – and in fact these can 
be some of the most severe enhancements of all. Note should be taken of the scale of the vertical 
axis in Figure 1: i.e. the flux of electrons can change by up to three orders of magnitude over a 
matter of even a few hours. However for a discharge hazard to arise the flux typically has to be 
sustained for at least a day. The DRA-δ anomaly was duly tracked over a whole solar cycle as 
illustrated in Figure 2 [Wrenn et al, 2002]. One striking feature in Figure 2 is that that the 
occurrence rate peaked in the declining phase of the solar cycle: this is when the frequency of 
coronal holes is at its greatest and shows that the internal hazard is out of phase with the sunspot 
cycle: also see [Wrenn et al, 2000].  
Figure 2  Plot of DRA-delta anomaly occurrences (black dots) overlaid on a ‘traffic light’ map for 2-
day fluence of >2MeV electron as measured by GOES7/8. The vertical axis is days of progression 
through one Carrington (solar) rotation [Wrenn et al, 2002]. 
By the mid-1990s, the combined work of Meulenberg, Wennas, Frederickson and Wrenn had 
proved conclusively that internal charging was a cause of spacecraft anomalies and the events 
of 20th January 1994 showed just how dangerous it could be. As time went by more failures 
Solar minimumSolar maximum
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emerged where internal charging was considered the most likely cause: these included 
numerous upsets on Meteosat 3 [Rodgers et al, 1999] as well as the serious impairment of 
Telstar 401 in January 1997, of Galaxy 4 in 1998 and of Sicral 1 in October 2006 [Leach and 
Alexander, 1995]. In retrospect the anomalies reported on the UK Skynet 2B satellite [Robbins 
and Short, 1977] were seen to be more consistent with internal than surface charging, as were 
anomalies on quite a few other satellites which were originally linked to surface charging 
[Leach and Alexander, 1994].  
Towards the end of the 1990’s a wide-ranging survey of in-orbit operational anomalies on US 
government satellites [Koons, 1999] showed that spacecraft charging was still the most 
troublesome of all the space environment effects (see Figure 3), with attributions to internal 
charging now exceeding those of surface charging. This implied that approaches to charging 
mitigation were still not fully effective and a significant engineering challenge remained. NASA 
modernised its charging guidelines [NASA, 1998] to include internal charging, and a substantially 
updated version was issued in 2011 [NASA, 2011]. In Europe equivalent standards were also 
under development [ECSS, 2008]. 
Figure 3  Results of a wide survey of the underlying causes of anomalies attributed to the space 
environment [Koons, 1999]. Spacecraft charging was the largest contributor and the majority of 
these were attributed to internal charging. 
It is probably fair to say that since the year 2000 there seem to have been a decline in high profile 
failures linked to internal charging. The largest flux of energetic electrons (>2 MeV) yet measured 
in geostationary orbit was in July 2004: while there were several reports of satellite anomalies, 
the disabling of Galaxy 10-R being one of them, the effects seemed relatively constrained. The 
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well-publicised failure of Galaxy-15 in 2010 was linked to both internal and surface charging as 
neither could be ruled out [Allen, 2010]. Better awareness and improved engineering techniques 
are probably two reasons for these recent improvements, but on the other hand organisations 
and manufacturers may now be more reluctant to divulge openly their anomalies as the space 
industry has become more commercial and there are fewer ‘excuses’ than before. 
Most recently attention has focussed on extreme space weather storms like the Carrington event 
of 1859 [Royal Academy of Engineering, 2013] and how significant internal charging might be as 
a threat to the global satellite fleet. The EU Spacestorm project has looked at this problem and 
identified the extreme electron belt environments which could plausibly be generated [Meredith 
et al, 2015]. It was found that internal charging currents could be an order of magnitude higher 
than the ‘severe’ environment design criteria usually used in spacecraft engineering [Hands et al, 
2017]. Such currents could be mitigated with shielding but at present no such action is taken 
since extreme events are not usually specified as an operating requirement, even for critical 
infrastructure spacecraft such as global navigation fleets. 
It should be reiterated that internal charging hazards are not confined to Earth orbits: in 
particular internal charging has been reported as a significant cause of anomalies in missions 
flying past or orbiting around Jupiter, notably the Voyager spacecraft [Leung, 1986] and Galileo 
[Feisler, 2002]. This is hardly surprising given the high intensity of Jupiter’s radiation belts and 
new missions such as ESA’s JUICE are applying rigorous mitigation measures to try to limit the 
risk. 
2.2 The internal charging process 
The internal charging process [Rodgers and Ryden, 2001] is illustrated in Figure 4: energetic 
electrons which have sufficient energy to penetrate beyond the outermost shielding layers of a 
spacecraft are slowed to a halt at a depth of some tens of microns or more where secondary 
emission is suppressed and thus a net negative charge gradually accumulates.  The energy 
threshold for electrons to cause internal charging is usually taken as being around 100 keV. In 
the process of slowing down, the energy of the electrons is absorbed by the material which 
constitutes a deposition of dose. Protons can, in principle, also cause internal charging but, apart 
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from rare increases due to solar particle events, significant near-Earth populations are found 
only in the inner belt. In the important geostationary and medium Earth orbit regimes electrons 
are the dominant species. 
Figure 4 Illustration of the basic internal charging process. 
In insulating dielectrics such as polymers the internal charge becomes quasi-trapped: it can only 
move under the influence of a strong electric field via Ohm’s law but an ESD will occur if the field 
rises above the breakdown threshold for the material. To find the internal electric field we 
require to solve Poisson’s equation subject to the continuity equation, however for simplicity we 
need only examine the one-dimensional solution to gain most of the necessary insights 
[Wennaas, 1977]  i.e.: 
𝐸(𝑡) =
𝐽𝑅
𝜎
(1 − 𝑒−
𝑡
𝜏) 
where E is electric field [Vm-1], t is time [s], σ is conductivity [Ω-1m-1], JR is radiation current 
(density) [A m-1] and charging time constant is given by  𝜏 =
𝜀0𝜀𝑟
𝜎
  where ε0  is the permittivity
of free space and εr is the relative permittivity of the dielectric. 
With internal charging currents being typically up to 1pA cm-2 and breakdown fields being in the 
region of 1 x 105 V cm-1, conductivities need to be around 10-17 Ω-1cm-1 or less to create a discharge 
hazard. Unfortunately this is indeed the case for the dark conductivity of many polymers which 
we use in spacecraft. With such low conductivities the time constants for the charging are quite 
long. For a typical polymer εr ~ 2 so the time constant for a conductivity of 10-17 Ω-1cm-1 will be 
in the order of a few hours and around 1-2 days for a conductivity an order of magnitude lower.
High energy electrons from space environment
Dielectric 
or 
isolated 
conductor
Satellite 
shielding
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The conductivity of polymers increases with temperature – the reverse of the dependence 
observed in conductors. As illustrated in Figure 5 the variation of conductivity is very steep 
implying that internal charging will be much reduced for polymers at high temperature and 
exacerbated at low temperature [Ryden, 2001].  
Figure 5 Measured conductivity of Raychem 44 cable insulation, based on ETFE [Ryden. 2001]. 
The dose deposited by slowing electrons causes ionisation (generation of charge carriers) and 
thus an additional radiation-induced conductivity (RIC). The RIC is given by [Fowler (1956)]: 
𝜎𝑅𝐼𝐶 = 𝑘𝑝𝐷Δ̇
where kp is the material dependant co-efficient of prompt radiation induced conductivity, Δ is a 
dimensionless material-dependent exponent (Δ <1), ?̇? is the ionising dose rate.  
As this equation is usually sub-linear the additional conductivity is not enough to avoid the risk 
of ESD, but is nevertheless a mitigating factor. It is generally observed in ground tests that after 
irradiation is stopped radiation-induced conductivity decays away only slowly which is often 
called ‘delayed’ radiation-induced conductivity. In principle it does not affect equilibrium 
(maximum) potentials and acts as a smoothing function. In some cases a dose-dependent 
permanent increase in conductivity is also thought to occur but is very material-dependent 
[Paulmier et al, 2013]. 
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Deep dielectric discharge of polymers under electron bombardment was first reported by Gross 
[1958] who, using the transparent Perspex (Plexiglass) material, demonstrated the characteristic 
Lichtenberg patterns left behind after such an event and made measurements of the charge 
released.  Gross noted that a single discharge did not empty the material of charge, instead a 
considerable fraction remained. The Lichtenberg pattern is created by the vaporisation of 
material which is blown-off into the surroundings as conductive plasma where it can cause 
unwanted transient electrical coupling in neighbouring circuits.  In addition the electric transient 
of the discharge event can cause electromagnetic emissions which can upset nearby systems.  
As mentioned in section 2.1 above, the first realisation that DDD might be a threat to spacecraft 
came in the mid-1960s [Storti et al, 1965]. The Internal Discharge Monitor (IDM) launched into 
in 1991 on the CRRES satellite [Frederickson 1991] showed for the first time that the DDD can 
occur in real orbital conditions. IDM was able to count discharges in a variety of dielectrics and 
cables situated under relatively light shielding (0.2mm Al): in total there were 4300 discharges 
recorded from 16 samples over 13 months, although about a third of the samples did not produce 
any discharges. The CRRES in-flight data led to the criterion that a fluence of greater than 2 x1010 
electrons cm-2 incident on a dielectric over 10 hours creates a risk of discharge (see Figure 6) 
[Frederickson 1991]. This threshold equates to a current density of 0.1pA cm-2 at the surface of 
the material and this was adopted as a ‘safety’ threshold by the industry and is still widely used 
for engineering purposes. Frederickson’s flux is quoted at the surface of the dielectric (i.e. 
incident current) regardless of thickness. At the same time deposited current is the physically 
more relevant parameter and this issue can lead to confusion in the literature including in the 
NASA’s own guidelines [NASA, 1998]. In practice for thick absorbers it makes little difference but 
for thin materials the difference can be significant.  
Page 14 
Figure 6  Results from the CRRES mission showing number of detected transients (ESD events) per 
(~10 hour) orbit vs. orbital fluence for all orbits. The vertical scale is linear up to 10 pulses and 
logarithmic beyond 10 pulses [Frederickson et al, 1991]. 
The reason why the CRRES threshold of 0.1pAcm-2 was accepted so readily by the space industry 
was probably because it came from flight data and it was also simple to understand and apply. 
The European ECSS standards body developed a slightly different version of the CRRES rule, 
taking account of the temperature-dependence of dielectric conductivity. ECSS recommends that 
0.02pA cm-2 should not be exceeded for dielectrics with temperatures <25°C and 0.1pAcm-2 for 
dielectrics >25°C [ECSS, 2008]. In other work it has been proposed that an even lower threshold 
of 0.01 pAcm-2 should be adopted [Bodeau, 2010] if the conductivity of the dielectric is very low. 
Of course the reality is that charging current is only one contributor to a complex process and 
hence there has been a concerted move in the last two decades to develop models and tools which 
use a wider range of parametric inputs (see section 2.3). 
2.3 Models and tools 
One of the earliest internal charging simulation tools was ESADDC [Souberyan and Floberghagen, 
1994] but this was somewhat unwieldy and calculations were slow. ESA then commissioned the 
DICTAT tool which was intended to be much faster [Sorensen, 2000]: a similar tool called NUMIT 
was also developed in the US [Beeken etal, 2010]. DICTAT is perhaps the most widely used today 
and is available on-line via the Spenvis system [Spenvis, 2012].  Both DICTAT and NUMIT model 
the key processes of internal charging using analytical equations and calculate internal electric 
fields: while they are acknowledged to be approximate they are certainly fast which is much 
valued by spacecraft engineers. 
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Figure 7  Block diagram of functionality within DICTAT when used on the Spenvis system 
[Sorensen et al, 2000] 
 
A block diagram of the functional elements within DICTAT, as implemented within Spenvis, is 
shown in Figure 7.  The mission orbital parameters are provided to an orbital model which is 
linked to the FLUMIC electron belt model in order to calculate a reasonable worst case orbit-
averaged environment. FLUMIC [Wrenn, 2000] [Rodgers, 2003] is a model of the Earth’s trapped 
radiation belts which provides a ‘reasonable worst case’ envelope of daily average (this being a 
timescale of more relevance than short term peaks) energetic electron spectra (>100keV) as a 
function of L1 and magnetic latitude. It is also possible to input an external electron spectrum to 
DICTAT if it is not desired to use FLUMIC. Next the deposition of charge in the target dielectric is 
calculated taking account of shielding and geometry of the dielectric or absorber. From this stage 
the charging current can be obtained as an output if required (this is the current that the SURF 
instrument measures as explained in section 3). The next stage is to calculate the internal electric 
                                                          
1 The McIlwain dimensionless parameter describing a particular set of magnetic field lines [McIlwain, 1961] 
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field taking account of the various conductivities of the dielectric, especially the thermal and 
radiation-induced conductivity [Fowler, 1956], but to do so requires that suitable materials 
parameters are provided.  Where materials properties are not available engineers may tend to 
assess risk based on charging current alone i.e. by comparing the current with the CRRES 
0.1pAcm-2 threshold).  An evolution of the DICTAT tool, MCICT, uses improved (monte-carlo) 
methods for the radiation transport aspects [Lei et al, 2016]. In recent times 3-D modelling has 
started to be introduced in a variety of new tools such CIRSOS [Sarrailh et al, 2016]: while 3-D 
models would seem to represent the logical long term outcome, the difficulties of accurately 
modelling materials’ charging behaviour (and thus obtaining good materials properties) seem 
likely to limit their utility just as much as they do for 1-D models. Validation of the available tools 
has been performed in ground test facilities (see section 2.4) rather than in space: no instruments 
have flown to measure internal electric fields in the real space environment although significant 
attempts at greater realism in ground simulations have been made [Ryden et al, 2003]. 
2.4 Mitigation 
The primary aim of most mitigation strategies is to avoiding charge build-up in the first place. An 
alternative is to accept that discharges will happen and then try to mitigate their effects: good 
practice is to try to implement both methods as each contains significant uncertainties. NASA and 
ESA standards [NASA, 2011], [ECSS, 2008] provide extensive guidance on both. A number of very 
general rules can be summarised here: 
 Avoid floating metal conductors (including component spot shields)  
 Try to identify and use less insulating dielectrics where possible (difficult since choice 
for space missions is often limited) 
 Limit dielectric thicknesses to that really necessary for the function and question 
whether a dielectric is really required 
 Ensure adequate shielding of dielectrics including cables, connectors and pcbs 
(although semiconductor parts are routinely treated this way, dielectrics are not)  
 Avoid using exposed insulators being subject to low temperatures. 
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 Avoid unnecessarily fast circuit responses since ESD can trigger these 
 Filter input and output lines from equipment 
After following the general mitigation rules there is usually a need to confirm by calculation, 
analysis or modelling that the design is adequate.  Unlike the processes adopted for 
microelectronic radiation hardness assurance, the role of testing in internal charging is much less 
well defined: it may be used to see if discharges are likely to occur (in which case a realistic test 
environment is clearly essential) or it may be used to extract materials parameters. Test facilities 
for internal charging are highly specialised since they need:  
 Very low electron flux (pAcm-2) with good stability 
 Variable, controllable flux  
 Appropriate energy spectrum or capability (100keV to few MeV) 
 High vacuum for the sample 
 Temperature control for the sample 
 Potential for long irradiations (> 1day due to long charging time constants) 
 Electrostatic non-contact probes and ESD detection 
 Automated control and data acquisition for long tests 
Very few such facilities exist: in Europe there are two in France (SIRENE and GEODUR) and one 
in the UK, i.e. REEF. The SIRENE facility [Dirassen, 2003] combines a low energy (up to 35keV) 
electron beam with a high energy beam (up to 400keV), which provides a very flexible test 
environment at the lower end of the energy spectrum. GEODUR [Paulmier, 2013] uses a single 
electron beam passing through scattering foils to produce a representation of in-orbit electron 
spectra ranging up to 1MeV. The Realistic Electron Environment Facility, REEF, [Ryden, 2003] 
uses a Sr-90 beta emitter to simulate the energetic space electron environment. Sr-90 produces 
a distributed electron spectrum from zero to 2.2MeV, the shape of which bears important 
similarities to that of the outer belt. The REEF facility has been used to provide pre-flight 
calibrations for the SURF instrument as described in section 3.5. 
3 
3.1 
Overviews of the submitted publications 
This chapter summarises the main points of each submitted paper and places the work in 
context: copies of all the papers are provided in Annex A.  
Invention of SURF [1] 
SURF was first proposed in 1999 [1] as an on-board device to indicate charging risks to spacecraft 
operators. At that early stage it was planned that the instrument should measure both surface 
and internal charging parameters but to-date only the internal charging mode, as described 
below, has been used in flight. Given the importance of internal charging currents from the CRRES 
mission results [Frederickson, 1991] it was proposed to directly measure deposited currents 
under shielding. By contrast to CRRES where the shielding was very thin, in  SURF the shielding 
would be representative of that provided by the walls of typical spacecraft. In order to collect the 
current and efficiently transport it to a measuring circuit, a metal absorber would be used with a 
thickness chosen to represent realistic dielectrics (in terms of areal density, g cm-2). As pointed 
out in section 1.2, Faraday cups with open ‘windows’ have long been used to measure currents 
arising from space plasmas: indeed SCATHA employed a fully open Faraday cup, effectively a 
collector plate on the surface [Sturman, 1981]. SURF is basically a fully-shielded Faraday cup, 
something which had not previously been deployed in space. While plasma surface-charging 
currents are usually of the order of nAcm-2, it was anticipated that internal charging currents 
would be three to six orders of magnitude lower which represented a significant practical 
challenge.   
The SURF front-end circuit is a current-to-voltage converter. In principle a resistor can perform 
this function as was indeed proposed in [1], but an improved design was subsequently adopted 
i.e. a ‘transimpedance amplifier’ as shown in Figure 8 which employs an operational amplifier 
with negative feedback. Current from the collector plate arrives at the op-amp at the inverting 
input and is directed through the feedback resistance. The non-inverting input of the op-amp is 
connected to spacecraft ground and negative feedback keeps the potential of the inverting pin 
(and hence the collector plate) at ground, i.e. a virtual Earth is maintained. To achieve this 
condition Vout must equal –iinR and thus Vout is directly proportional to the collected plate current. 
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The transimpedance circuit is highly beneficial since it avoids voltage build-up on the plate which 
might otherwise create a hazard in itself; in addition the virtual Earth avoids leakage currents 
flowing away from the plate (e.g. support pillars) so all collected current flows to the inverting 
terminal. 
Figure 8  A transimpedance amplifier is used in the front end of SURF. This approach avoids build-
up of voltage on the plate itself which could lead to leakage currents and thus contamination. Iin 
the current collected in the plate and N1 is the virtual Earth point. 
Very large resistors ranging from 10GΩ to 10TΩ were used in the op-amp feedback loop to 
provide the required current-to-voltage conversion sensitivity: these could not be mounted 
conventionally on a printed circuit board as the board itself would have a lower resistance, hence 
the node N1 in Figure 8 had to be completely lifted up off the printed circuit board. The resistors 
needed very careful handling since any contamination or grease (e.g. from fingers) could also 
provide an unwanted bypass for current.  
It was shown that, with great care, it was practical to reliably measure currents down to around 
10fA with modern electrometer-grade operational amplifiers and that these currents are 
compatible with those expected under typical spacecraft shielding. Calibration was performed 
by creating well-defined currents (again using voltage sources and resistors) and injecting them 
into the input of SURF: plots of voltage at the output versus current at the input were obtained 
and these were entirely linear.  
To boost the sensitivity further, current could be collected from a larger plate area so enabling 
measurements down to a threshold of about 1fA cm-2. Given that the most intense environments 
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are of most interest from an engineering perspective it was recognised that it was important that 
sufficient dynamic range was provided in the processing electronics i.e. that saturation should 
not occur in any conceivable event. 
3.2 First flight of SURF [2]  
A flight opportunity for SURF arose at short notice in the spring of 2000 on the STRV1d satellite 
which was planned for launch into a geostationary transfer orbit. It was proposed to implement 
SURF in the form of two shielded plates stacked one above the other as shown in Figure 9 in order 
to achieve a two-channel ‘charging-depth’ profile. Only a handful of relatively coarse 8-bit 
engineering telemetry channels would be available from the spacecraft, so to achieve a wide 
dynamic range each plate was allocated two telemetry channels, one to cover the lower range of 
currents (sensitive channel) and one for the higher range (coarse channel) but with some 
overlap. Shielding of the plates (i.e. the lid) was chosen to represent typical minimum satellite 
shielding levels (0.6mm including the effect of some thermal tape placed in the lid). 
Figure 9  (a) left, cross section graphic of the SURF sensor for internal charging current 
measurements and (b) right, picture of the instrument itself. 
Provision of an in-flight calibration facility was considered but not implemented as the extra 
circuitry was considered likely to introduce leakage currents due to the additional connections 
required at Node N1. In practice the simplicity of the device meant that calibration would be 
expected to be stable except for possible radiation dose effects on the front-end op-amp: in a later 
version of SURF a control channel was fitted to monitor any such effects (see section 3.4). 
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Figure 10 Measurement of internal charging currents in geostationary transfer orbit by the SURF 
instrument over several days in November 2000 (a) shows the top plate results and (b) shows the 
bottom plate results. The polarity is inverted i.e positive means a negative current detected.  
The STRV1d mission was unfortunately limited to two weeks of operation by a satellite 
communications failure, but enough data was collected to prove the successful operation of 
SURF. A re-plotting of the data is provided in Figure 10 showing current per cm2 (known in this 
field of work as current density, hereafter shortened to just current) against the McIllwain L value 
(all locations are close to geomagnetic equator).  Particularly notable is that the measurements 
are very free of noise which is due to the inherently narrow bandwidth of the measurement 
technique.  From Figure 10 we see that significant currents were detected in both the outer and 
inner belt. The outer belt currents were high variable from day to day as expected due to space 
weather and it was apparent that SURF was launched into a period of electron belt enhancement 
which broadly decayed over the period of observations. The unambiguous negative currents 
detected at low L values showed that there was a significant population of energetic electrons in 
the inner zone.  
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3.3 Analysis of first SURF flight data [3] 
More detailed analysis of the data from the first SURF flight was provided in [3]. Response curves 
were created using the DICTAT tool which indicated that the top plate was insensitive to 
electrons below energy 500keV with a peak response around 1.0MeV. The bottom plate was 
insensitive to electrons below 0.8MeV with peak sensitivity to electrons around 1.7MeV.  Due to 
the very simple radiation transport approximations within DICTAT these response curves are 
less accurate than can be achieved today using Geant4-based monte-carlo modelling techniques 
such as GRAS: indeed for later instruments Geant4 modelling has been performed[e.g. Taylor et 
al, 2009].   
It is pointed out that absolute (frame) charging of the spacecraft has negligible effect on the 
currents detected since it is likely to be in the order of 10kV at the very most and hence will have 
minimal effect on electrons of energy >500keV. The effect of the mixed proton/electron 
environment in the inner zone on the observations was explored further. A negative current was 
detected on both plates during transits of the inner belt as was expected due to the trapped 
electron environment: at L=1.62 it was fairly stable over the two-week observation period at 
around 10 to 20fA cm-2. The effect of protons would have been to reduce the magnitude of these 
negative currents. Using the AP8 proton belt model [Sawyer and Vette, 1976] and a monte-carlo 
transport code ESA-DDC [Souberyan and Floberghagen, 1994] the proton contribution to current 
at the heart of the belt was calculated which showed that without protons the currents would 
have been a few % higher for the bottom plate. For the top plate the effect of the protons was 
entirely negligible (a few tenths of a per cent).   
The above also shows that if one is especially interested in quantifying electron environments 
where energetic protons are also present then the SURF instrument may be advantageous i.e. the 
protons (at least in this design) do not cause significant contamination of the signal due to 
electrons.  It is well known that conventional electron detectors in the inner belt can suffer 
serious contamination due to the high fluxes of penetrating protons which has led to 
considerable uncertainties over the electron fluxes in that region [Abel et al, 1994]. 
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The hardness of the electron spectrum in the inner and outer belts was observed by taking the 
ratio of the currents in the top and bottom plates. The inner belt was found to be much softer 
than the outer belt and indeed AE8 [Vette, 1991] appeared to overestimate the hardness of the 
inner belt. More recent results from the Van Allen probes [Fennell et al, 2015], [Maurer et al, 
2013] with high quality instruments show that the inner belt population has become even softer 
to the extent that energetic electron electrons greater than 0.9MeV appear to have gone away 
altogether which raises a question over the source of the electrons present in 2000: this is 
discussed in section 5.3 and merits further detailed work. 
3.4 SURF in MEO and the first year’s results [4] 
SURF was the incorporated into the suite of sensors known as ‘Merlin’ [Ryden et al, 2005] on the 
Giove-A Galileo testbed satellite: this package was launched into a circular medium Earth orbit 
of altitude 23,300km and inclination 56° on December 29th, 2005.  The version of SURF in Merlin 
was equipped with three stacked plates (0.5mm thick Al for the lid, the top and the middle plates, 
and 1mm thick for the bottom plate) and response functions were determined for each plate from 
simulations using DICTAT. In addition to electrical calibration (i.e. current injection) the whole 
instrument was irradiated using the Realistic Electron Environment Facility (REEF), a novel 
facility developed in parallel for studying the charging of dielectrics in the laboratory [Ryden et 
al, 2003] and which provided a good representation of the outer belt spectrum up to about 
2.2MeV. A control channel was introduced to monitor any radiation damage or temperature-
induced effects in the front-end op-amp which might need correcting, with variation of the input 
bias current being the main concern: the control channel contained all the processing circuits as 
for a normal channel but with no plate connected. 
Results from Giove-A for the first year in orbit are reported in [4]: Again the instrument worked 
very well once in orbit: each passage through the outer belts was very clear as were periodic 
enhancements of the belts with a 27 day period due to fast solar wind streams (emanating from 
persistent coronal holes); Figure 11 shows instantaneous currents measured by SURF at 
crossings of the geomagnetic equator (L~4.75). Note that the currents in the two lower plates 
are similar since the bottom plate is twice the thickness of the middle plate. The peak 
instantaneous top plate current during the first year was ~1pAcm-2 (~0.4 pAcm-2 in the lower 
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two plates) on 15th April 2006; similar levels also occurred on 15th December 2006. The 15th April 
increase was associated with a fast wind stream whereas the December event was caused by the 
passage of a coronal mass ejection (CME). The daily average plate currents throughout 2006 
were compared directly to ‘worst case’ daily average deposited currents calculated by the 
widely–used DICTAT engineering tool developed by ESA [Sorensen et al, 2000]: it was found that 
DICTAT performed well overall, but with some deficiencies at higher the shielding depths.  
 
Figure 11 Internal charging current measurements from SURF taken at magnetic equator crossings 
(L~4.7) of Giove-A over the first six months of 2006.. Particularly striking over this period in 2006 
is the 27 day periodicity caused by a persistent coronal hole.  
A method to unfold fluxes from SURF currents was presented in [4] which enabled comparisons 
with GOES fluxes recorded in geostationary orbit: while this necessitates an assumption about 
the spectral shape, similar assumptions are also used when determining the effective energy of 
the measurement channels in traditional counting electron instruments (so-called Bow-tie 
analysis) [Van Allen, 1974]. In an unfolding process the assumption is that a simple exponential 
function or power-law spectrum applies (flux decaying as energy increases) since unless other 
independent a-priori evidence is available, more complex functions cannot be justified. Both 
assumption are reasonable and given that the spectrum is constantly changing there is no clear 
choice between them: in this paper the exponential spectrum was chosen.  Also in this paper 
further analysis was carried out via radiation transport simulations on the effect of protons on 
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the SURF currents: in particular it was predicted that even very large solar proton events would 
have a minimal effect in suppressing currents due to electrons.  
3.5 SURF in MEO: the first three years [5] 
Further results from SURF were presented in [5] covering the period 2006-8 with the additional 
aim of showing the relationship with other space weather phenomena of importance for 
engineering. The daily average bottom-plate currents recorded on Giove-A were plotted (see 
Figure 12) alongside data from two other sensors in the Merlin instrument, namely an energetic 
proton detector (>40 MeV) and two ionising dose sensors (‘Radfets’) located under 3mm Al and 
6mm Al  slabs.  By examining Figure 12 two main conclusions can be reached: a) accumulation of 
ionising dose is well correlated with the SURF internal charging currents i.e. both are dominated 
by same energetic electrons and b) two moderate proton events which occurred in close 
succession in December 2006 had no discernible effect on the SURF sensor readings which 
partially confirmed predictions in [4]. The above points illustrate that SURF currents are an 
effective measure of the energetic electron environment in general.  
Figure 12  Plot of the SURF bottom plate current (black) as measured on Giove-A in 2006-2008 
against solar proton flux (red) and ionising dose (yellow).  
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3.6 SURF in MEO: a decade of data [6]  
Giove-A has continued operation much longer than originally planned and by 2014 a SURF data 
set covering virtually a solar cycle had been collected with only one significant gap of 3 months 
in 2013 due to a satellite operational anomaly. These results were presented in [6] focussing on 
the solar cycle dependence and, because of its engineering importance, on the days with the 
largest currents seen during the mission. The solar cycle profile from [6] is replotted in Figure 
13 which shows that on approach to the solar minimum the currents reduced to very low levels 
for a well over a year: this is often referred to as the electron desert and followed the weakest 
solar minimum since the dawn of the space age. Just as the new cycle began there was a sudden 
event in April 2010 which produced the highest instantaneous and daily average current of 
whole 2005-2014 period. This event was induced by a fast wind stream and was also seen clearly 
at GEO: comparisons of flux were made between these two orbital regimes. On April 7th the 
instantaneous current peaked at 1.35 pAcm-2 in the top plate. The peak current in the second 
plate occurred on the following day (7th April) and peak in the bottom plate occurred the day 
after (8th April). This illustrates clearly how the exact timing of the maximum hazard depends on 
the shielding depth since the electrons are gradually accelerated through the energy range. 
Peak daily currents in this period were found to be within the predicted maximum from 
FLUMIC/DICTAT except in the bottom plate where the current was twice as large as would have 
been predicted. Based the daily average currents, the NASA 0.1pAcm-2 limit was exceeded on 
nearly 3 days in every 100 for the top plate and the ECSS 0.02 pAcm-2 limit (<20°C) was exceeded 
on half of all days. Additional shielding clearly helps, but even for the bottom plate, 8 days in 100 
were found to exceed the ECSS limit showing that still further shielding is needed to meet that 
criterion. Many items placed outside of electronic equipment housing (cables, connectors etc) 
may benefit from only 0.5mm Al shielding (e.g. a single honeycomb panel) and will thus 
experience the environment seen by the top plate. 
Another important result from this paper was that it was seen from the output of the control 
channel (see section 3.4) that the front end amplifier used in SURF only suffered a slight increase 
in input bias currents over the duration of the mission: this was considered to be the most 
radiation sensitive parameter and confirmed that that data could continue to be trusted. 
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Figure 13  SURF data collected from Giove-A 2005-2013 [6] (re-plotted). 
 
3.7 Modelling of dielectric internal electric fields using SURF data  [7] 
As mentioned in section 2.2, electric fields developed within dielectrics in-orbit have not yet been 
measured in a flight experiment. This is unfortunate given the criticality of the electric field for 
triggering a discharge. An alternative approach is to create a model of a ‘virtual’ dielectric which 
is driven by environmental inputs: indeed Bodeau [2010] did exactly this. He approximated the 
internal charging current by propagating a fixed electron spectrum through a radiation transport 
code and scaling the flux according to a one-channel energy flux measurement (>2MeV) from 
GOES (geostationary). He then applied the resulting currents to a simple capacitive electric field 
model. In paper [7] the work of Bodeau is advanced by using SURF currents as the direct input 
to a capacitive model of a dielectric in medium Earth orbit. There are two main improvements: 
firstly the SURF currents represent true charging currents whereas Bodeau had to estimate 
current as described above and secondly the model of the dielectric charging behaviour is 
improved by using SURF data to introduce radiation induced conductivity into the model: this is 
possible since current deposited in a given plate provides information on the dose rate at 
shallower shielding depths i.e. deposited currents must clearly have penetrated through lower 
shielding depths, from which a dose rate can be calculated.  
The electric fields built up in the virtual dielectric were modelled over the ten-year period for 
which SURF data was available and the effects of variations of key materials parameters 
(conductivities) were explored. It was found that RIC is an important mitigating factor which can 
Page 28 
greatly reduce the sensitivity to short term flux environmental changes such as the April 2010 
event (which was the largest charging current seen during the SURF measurements on Giove-A). 
The main conclusion, which reinforces that reached by Bodeau, is that the long term climatology 
is more important that often appreciated for internal charging: electron enhancements over a 
day or two are clearly important but for full understanding we must look over months and years 
when considering the most insulating dielectrics.  
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4 Additional publications using SURF data  
A number of additional papers based on SURF data have been published: these are summarised 
below for completeness since they further demonstrate the utility of the instrument. In these 
papers the author of this thesis was a co-author. 
4.1 MOBE-DIC outer belt model for internal charging [Hands, Ryden et al, 
2015] 
SURF data from Giove-A over the period 2006 to 2012 has been used to create a new model of 
the outer electron belt: MOBE-DIC. The model is intended for specifying the internal charging 
threat environment and is thus effectively an update on FLUMIC. Using the three plate response 
functions a best-fit exponential spectrum was found for each sample set thus yielding differential 
flux spectra.  No dead-time correction is required with the SURF technique, unlike counting 
instruments, so that uncertainty is eliminated. Fluxes at a given energy at crossings of the 
geomagnetic equator (L~4.7) were selected and then averaged over 1 hour, 1 day, 7 days and 30 
days: a cumulative distribution function (i.e. the probability of exceeding a given value) was then 
created. This was repeated for a number of different energies and for three selected percentiles 
(90%, 99%, 100%) a composite spectrum was extracted and an exponential spectrum fitted to 
that for simplicity. Then an extrapolation of the flux to other L-values was required: fluxes from 
higher L-values were available but these were at higher magnetic latitudes so an assumed scaling 
factor (dependent on B/B0) was used to convert these to equatorial fluxes. An envelope function, 
which included the most intense fluxes, was then created and used in the model to describe the 
L-dependence.  
MOBE-DIC is especially relevant for the vitally important medium Earth orbit region from which 
the underlying data were collected. Unlike FLUMIC, MOBE-DIC provides spectra (in the outer 
belt) at the 90%, 99%, 100% percentiles so enabling mission planners to decide on an acceptable 
risk level. 
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4.2 Extreme internal charging currents in MEO [Meredith et al, 2016] 
Extreme value analysis was applied to SURF data from Giove-A over the period 2005-2016 to 
find the 1 in 10 year and 1 in 100 year extreme charging currents (in the three plates) which 
would be expected as a function of L. Providing values of these extreme currents is highly 
valuable for planners and engineers involved in the deployment of permanent critical 
infrastructure in space such as navigation constellations.  Uncertainty in the 1 in 100 year case 
was significant as it was necessary to extrapolate well into the tail of the extreme value 
probability distribution. To improve estimates a longer time series is required and so it was 
recommended that the SURF instrument on Giove-A should be kept in operation for a long as 
possible and also more SURF-type instruments should be deployed e.g. see section 5. 
 
4.3 Early results from the Giove-A radiation monitors [Taylor et al, 2007], 
[Taylor et al, 2008], [Taylor et al, 2009] 
These three papers were produced in the early part of the Giove-A mission to examine the 
outputs of the on-board radiation detectors: SURF (within Merlin) was one of the sensors carried 
as mentioned earlier. The first two papers, [Taylor et al, 2007, 2008], showed that the detectors 
were working and SURF data were well-correlated with electron measurements obtained from 
the IREM (Integral Radiation Environment Monitor) instrument on the ESA Integral spacecraft. 
The latter two papers [Taylor et al, 2008, 2009] presented methods developed to compare SURF 
data to models such as AE-8, POLE and FLUMIC, but given the limited period of data at that stage 
no firm conclusions could be drawn. 
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5 Wider adoption of the SURF technique 
SURF-type instruments are steadily being deployed into new orbits with some variations on the 
original design: these developments are summarised below. 
5.1 European Galileo EMU monitors 
The Environment Monitoring Unit (EMU) was developed for the European Galileo navigation 
system and at the time of writing two EMUs have been launched into space on Galileo satellites 
[ESA, 2017].  The aim of these units is to provide a continuous observation of the environment 
experienced by Galileo fleet in medium Earth orbit (similar to the Giove-A orbit). Included within 
EMU is a much expanded form of SURF sensor with eight stacked plates (thickness of each is 
double that of the one above). A much thinner top shield is used than on previous designs so the 
first plate is sensitive to >200keV electrons: this corresponds more closely with the environment 
under thermal blankets. The most shielded plate is 6.4mm Al-eq in thickness and is shielded by 
the same. Preliminary data from EMUs has been received and they are operating successfully: 
work in underway to analyse the data at the time of writing.  The data is confidential to 
Galileo/ESA and no publications have yet been produced. Information on a replica instrument 
can be found in section 5.2 below. 
5.2 Japanese Himarawi 8/9 SEDA monitors 
Two replicas of the EMU described above have been acquired by the Japanese Meteorological 
Agency and are installed on the Himarawi 8 and 9 satellites in geostationary orbit (location 
140°E) and given the name Space Environment Data Acquisition (SEDA) monitors [Nagatsuma, 
2017].  SEDA constitutes the first deployment of a SURF sensor in geostationary orbit. The 
authors show plots of differential electron spectra derived from the 8-plate SURF sensor (rather 
than the charging currents) but unfortunately the unfolding technique is not described. 
Comparisons are made to differential fluxes derived from the integral flux measurements made 
by the US GOES spacecraft located further east but on a similar L-shell.  
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5.3 US/NASA Van Allen Probes ERM instrument 
The Engineering Radiation Monitor (ERM) on the Van Allen Probes, provided by Johns Hopkins 
University [Goldsten et al, 2013], included a shielded current sensor of similar design to SURF 
which has two adjacent, rather than stacked, plates with shielding of 1.0mm and 3.8mm Al-eq. 
Both plates have a thickness of 2.5mm Al-eq. There are two Van Allen belt Probe spacecraft and 
each includes an ERM. The less shielded plate on ERM is comparable to the bottom plate on the 
first SURF instrument which flew on STRV1d (see section 3.1) and which went into a similar 
geostationary transfer orbit. The SURF bottom plate is somewhat thinner though. While 
publication of analysed data from ERM has been limited to date [Maurer et al, 2013], the 
comparison to data from SURF on STRV1d [1] is intriguing. The SURF-STRV1d bottom plate 
indicated that there was a significant population of energetic ~1MeV electrons in the inner belt. 
However the comparable ERM plate shows a very different response in the inner belt [Maurer et 
al, 2013] i.e. the negative currents which SURF observed on the bottom plate are replaced by 
slightly positive currents which suggest that there are no ~MeV electrons in the inner belt. The 
slight positive current is presumably due to proton deposition.  Other Van Allen Probes 
instruments are also failing to see any inner belt >0.9MeV electrons [Fennel, 2015]. It thus 
appears that the inner belt has changed over the period from 2000 to 2012: the reasons why are 
not yet known, but clearly the SURF and the (SURF-like) ERM provide especially valuable data 
from this region where other instruments can be unreliable due to proton/electron cross-
contamination. Further detailed investigation of these data sets is certainly merited. 
5.4 USAF DSX mission / NASA Living-with-a-Star CREDANCE instrument 
A Merlin unit (identical to that which flew on Giove-A) under the name CREDANCE (Cosmic Ray, 
Effects, Dosimetry and Charging Experiment), will be launched on the Defence Science 
Experiments (DSX) vehicle in 2018 [Scherbarth et al, 2009]. The prime purpose of DSX is for the 
USAF to carry out wave-particle interaction experiments using VLF transmitters on-board. SURF, 
which is one element of CREDANCE, accompanies the radiation effects package on-board under 
NASA’s ‘Living with a Star’ programme. The orbit will be 6000 x 12000km with a 120° inclination 
(retrograde) and so will take measurements primarily in the slot region and the fringes of the 
two main trapped belts. 
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6 Conclusions and recommendations 
The CRRES mission of 1991 provided the first direct observations of discharges from dielectrics 
in space and found that their rate was strongly influenced by internal charging currents: these 
currents had to be calculated from external electron fluxes measured at a small number of 
energies. This thesis describes the first direct in-orbit measurements of such internal charging 
currents: to do this a novel instrument, a shielded current sensor, was invented and deployed 
into both geostationary transfer orbit and medium Earth orbit: there is no record of a shielded 
current sensor being used in space prior to this work. 
 It has been demonstrated that the shielded current sensor is a practical and advantageous 
method for measuring internal charging currents on spacecraft, and that such a device can 
provide additional insights into the charging processes.  Although the currents behind the 
shielding typically afforded to dielectrics on spacecraft are extremely small, the challenges of 
measuring them have been overcome and the resulting SURF instrument has been shown to 
operate successfully in a wide range of orbital environments and over long periods (greater than 
one solar cycle at the time of writing). While there were some initial concerns about the risk of 
radiation damage to the front-end electrometer amplifier, in practice the design has proved to be 
robust with no significant degradation seen so far.  
SURF has also been shown to be a valuable electron sensor in its own right and each SURF plate 
has a unique response function versus energy, similar to any conventional pulse-counting 
instrument and hence fluxes can be unfolded in a similar manner. While the threshold of 
sensitivity is not as low as for particle-counting instruments i.e. a certain minimum current is 
needed to be observable, the SURF technique is especially well-suited for intense environments 
which are of prime engineering concern because, unlike conventional detectors, it does not suffer 
from dead-time problems. A further important benefit of SURF as an electron detector is that in 
proton environments minimal positive charge deposition is experienced due to the nature of the 
proton spectrum and so the SURF electron measurements are highly resistant to proton 
contamination.  This feature is especially beneficial in mixed environments such as the inner belt 
and during solar particle events. A further advantage is that the device is inexpensive: it uses only 
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a metal plate for the ‘detector’ (which of course is effectively immune to radiation damage) and 
the electronic components required are readily available.  It is clear that shielded current sensors 
are increasingly being adopted by the international space community as a valuable complement 
to traditional particle counting instruments.  
A number of recommendations can be made for future work: 
 Further efforts should be made to deploy SURF-type instruments into the inner belt
where basic scientific questions continue to arise about the presence or otherwise of
energetic electrons. This would also address a pressing engineering concern since in
2003 European researchers [Rodgers et al] concluded that, on the basis of the early SURF
results [2], [3], there was a real threat from internal charging in this region whereas US
workers have recently reached the contrary conclusion [Li et al, 2015]. SURF
instruments are ideal tools to help answer the question and should be deployed over
long periods since the belt appears to change over time. While the ERM on Van Allen
Probes fulfils this function to some extent at present, it will have a finite life and it would
be beneficial to have an instrument with more plates and a wider range of shielding
levels.
 SURF-type instruments should be added as a complement to traditional counting
detectors (e.g. the GOES electron detectors) for space weather monitoring as the latter
are known to be corrupted during severe solar energetic particle events: this is often the
time when the information is most important to satellite operators.
 SURF-like instruments should be seriously considered for the purpose of electron
measurements in future missions to Jupiter because: a) the SURF technique is well suited
to the intense fluxes there (absence of dead-time problems); b) SURF will be resilient
against contamination from the intense Jovian proton belts; c) the detector (i.e. metal
plate) has inherently excellent radiation tolerance. In addition the results from such an
instrument will be valuable for the engineering of follow-on missions since internal
charging is an inevitable threat the Jovian environment.
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 To validate the various internal charging models and tools developed in recent years a
new comprehensive internal charging flight experiment should be developed: the
package should include conventional particle detectors, SURF-type charging current
monitors, measurements of electrostatic potentials on dielectrics (to infer the internal
fields) and also discharge detection (like CRRES).  Shielding levels should cover a wide
range from that afforded just by thermal blankets up to a few mm of aluminium which is
typical of electronics boxes.
 Research should be carried out try to further increase the threshold of sensitivity of
SURF by, for example, integrating current over time rather than using an instantaneous
measurement as at present.
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